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Glycation is an important post-translational modification (PTM) that has been linked to
diabetes, cataract, Alzheimer’s, and Rheumatoid arthritis. This reaction occurs between a
reducing sugar and a primary amine at the N-terminus of a protein or at a lysine side
chain. Ultimately, this interaction can lead to advanced glycation end products (AGEs)
that are associated with several disease complications. Glycation can occur during the
manufacturing and storage of therapeutic proteins, including monoclonal antibodies
(mAbs), necessitating the characterization of this modification to ensure the safety and
efficacy of therapeutic drug products. Hydrophilic Interaction Liquid Chromatography
(HILIC) has been previously employed to characterize hydrophilic modifications. It can
also be used to characterize glycated species, as the hydrophilic nature of the glycation
product can lead to a characteristic shift in HILIC retention. This work focuses on
deriving a retention coefficient that describes the extent of hydrophilicity imparted by
glycation modification in HILIC using in vitro glycated peptide and protein samples. The
HILIC retention coefficient can be used to predict the retention times of tryptic peptides
with glycation modifications in complex, unknown protein samples, including

immunoglobulins (IgGs).
Introduction

The demand for biopharmaceuticals has significantly grown
in recent years, with a global market size of $448.1 billion
in 2023 and an expected increase of 7.6% (CAGR) between
2024 and 2030 to reach $745.1 billion by 2030.! One of
the key challenges that drug developers and manufacturers
need to combat is ensuring the drug product’s quality, effi-
cacy, and safety. Most biological drugs are proteins that can
undergo post-translational modifications (PTMs), which
can affect their biological activity, immunogenicity, and
half-life.23 Common protein modifications include glycosy-
lation, oxidation, deamidation, and glycation, among oth-
ers. Characterizing these modifications can be a compli-
cated and time-consuming part of the biotechnology
industry.

Glycation is an important PTM linked to diabetes,
Alzheimer’s, cataract formation, and rheumatoid arthritis.%
5 This process involves a reaction between a reducing sugar,
such as glucose, fructose, or galactose, and the alpha amine
terminal of a protein or epsilon amine group on a lysine
side chain.® An unstable Schiff’s base intermediate is pro-
duced that can potentially undergo a spontaneous multi-
step Amadori rearrangement, giving rise to a more stable,
covalently bonded ketoamine product (Figure 1). Glycated
proteins, when exposed to elevated oxidation conditions
over a prolonged period, can undergo further degradation,
resulting in advanced glycation end products (AGEs). AGEs

could be responsible for various pathological responses ob-
served in aging, diabetes, and arthritis caused by intracel-
lular accumulation, cross-linking with tissue macromole-
cules, and interactions with a specific receptor for AGEs
called RAGE.”9

Glycation is a potential critical quality attribute (CQA) in
therapeutic monoclonal antibodies (mAbs). This PTM could
be introduced during the fermentation step where glucose
acts as an energy source for mAb-producing cells.10 Glyca-
tion could also be introduced during the storage of thera-
peutic mAbs due to the presence of carbohydrates in the
formulation.!! Although nonreducing disaccharides, such
as sucrose, are typically used in the formulation, sucrose
hydrolysis could produce reducing sugars under acidic pH
and elevated temperatures, thereby leading to glycation. In
addition, glucose is an ingredient in commonly used drug
infusion solutions. Glycation can alter the overall charge
on therapeutic proteins, thereby hindering their biological
function and reducing their bioactivity.12 Antibody aggre-
gation is also an important CQA associated with AGE for-
mation and cross-linking.!! AGE-damaged antibodies could
also trigger an immune response by forming anti-IgG au-
toantibodies in patients with rheumatoid arthritis. It has
been demonstrated that glycation reduces the stability and
half-life of apolipoprotein I (ApoAl) in humans.!3 These
findings suggest that glycation may have similar effects on
other proteins.
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Figure 1. The Scheme for Glycation Reaction on a Lysine
Residue. The reducing end of sugar can undergo Schiff’s
base reaction with the primary amine of lysine residue to
produce a ketoamine Amadori product. The Amadori
product, in the presence of reactive intermediates, can
ultimately lead to advanced glycation end products (AGEs).

Some challenges associated with glycation characteriza-
tion include the absence of a specific sequence that signals
a potential glycation site, given that the reaction is nonen-
zymatic.14 If a protein does not contain a highly reactive
site for this modification, glycation can occur across the en-
tire protein, which results in low levels of glycation on all
the susceptible glycation sites and leads to a heterogeneous
mixture of many low-abundance species.!®> Therefore, it is
essential to perform comprehensive studies to characterize
glycated products to ensure the safety and efficacy of ther-
apeutic drugs.

One of the current strategies used for glycation char-
acterization is boronate affinity chromatography (BAC),10:
16 which requires native running conditions and minimal
sample preparation. However, nonspecific binding can oc-
cur as nonglycated species can also interact with the BAC
surface. In addition, quantification is challenging because
it is difficult to distinguish between proteins with a single
glycation versus multiple glycations.1”7 Another strategy to
identify glycated species is based on the molecule’s charge,
as glycation neutralizes the positive charge at the glycation
site. Therefore, charge-based methods such as capillary
isoelectric focusing (cIEF),17 imaged capillary isoelectric
focusing (icIEF), and ion-exchange chromatography (IEC)
can be employed. !0 IEC may lack sufficient resolution to re-
solve the glycated variants due to combined charge effects
arising from multiple sites of low-level glycation spread
across the molecule. Charged sites resulting from different
PTMs could further complicate the analysis of complex pro-
tein samples, such as antibodies.

Liquid chromatography-mass spectrometry (LC-MS) has
been widely utilized for efficient characterization of
PTMs. 17 Top-down mass spectrometry of intact antibody or
enzymatically cleaved monoclonal antibody fragments can
be used to determine the glycation level as each glycation
event results in a 162 Da mass increase. Bottom-up peptide
mapping is widely used to locate glycation sites.!12:14 Gly-
cation can inhibit trypsin activity at the C-terminus of ly-
sine residues. Thus, a missed trypsin cleavage at a lysine
residue, with a +162 Da shift in MS, indicates a glycated

peptide.1718 Furthermore, HILIC separation mode is an ef-
fective strategy to characterize hydrophilic modifications
such as deamidation, methionine oxidation, and glycosyla-
tion.18-21 Glycation involves the addition of a hydrophilic
glucose molecule, which may increase HILIC retention.
Glycation PTM also neutralizes the positive charge on pri-
mary amines, which could decrease hydrophilicity and thus
decrease HILIC retention time. It was hypothesized that a
combined effect from these two circumstances could result
in a characteristic shift under HILIC mode.

This study was undertaken to develop a robust analytical
workflow to characterize glycation sites in therapeutic
mADbs. Retention behavior of several in vitro glycated stan-
dard peptides and proteins on HILIC was studied, and a re-
tention coefficient for this modification was derived using
dextran as an external calibrant. This retention coefficient,
in combination with an existing model20 predicting the
HILIC retention of tryptic peptides, was used to predict and
characterize glycation in unknown mAbs, including human
IgG1 (adalimumab) and IgG4 (natalizumab). Model fit was
evaluated using these test cases.

Materials and Methods

Protein Digestion

Protein samples, including bovine insulin and bovine cy-
tochrome C (both purchased from Sigma Aldrich, St. Louis,
MO, USA), human IgGl (adalimumab), and IgG4 (natal-
izumab) from GlycoScientific (Athens, GA, USA), were
buffer exchanged with 50 mM ammonium bicarbonate (pH
7.8) to have a final concentration of 1 mg/mL. The protein
samples were then reduced with 200 mM dithiothreitol
(DTT) and alkylated with 1 M iodoacetamide (Sigma
Aldrich), both at final concentrations of 5 mM DTT and
8 mM iodoacetamide. Sequencing-grade trypsin from
Promega (Madison, WI, USA) was added at a 20:1 (w/w, pro-
tein:trypsin) ratio and incubated at 37°C overnight. The di-
gested protein samples were then dried in a SpeedVac and
resuspended in 80% ACN (1 mg/mL) and 20% H,O prior to
LC-MS analysis. Endoproteinase Glu-C (Staphylococcus au-
reus strain V8; Thomas Scientific, Swedesboro, NJ, USA) di-
gestion of human IgG1 was performed as previously men-
tioned, with the similarly previously discussed reduction
and alkylation, and Glu-C was then added at a final pro-
tein:proteinase ratio of 20:1 (w/w). IgG1l was then incu-
bated overnight at 37°C in either PBS or ammonium bicar-
bonate.

In Vitro Glycation

A series of standard peptides, such as human [Glul]-Fib-
rinopeptide B (GluFib), leucine enkephalin, bradykinin, and
substance P (Frag 2-11), were purchased from Sigma
Aldrich. The standard peptides, along with digested bovine
cytochrome C, bovine insulin, human IgG1, and 1gG4, were
glycated in vitro. GluFib, leucine enkephalin, bradykinin,
substance P, insulin, and cytochrome C were glycated using
a 2:1 D-glucose:peptide/protein molar ratio at a pH of 2.4
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(65°C, 1 day). A D-glucose:protein molar ratio of 1000:1
was used for IgG samples. The samples were then dried and
resuspended in 80% ACN (1 mg/mL) for LC-MS analyses.

Procainamide-labeled dextran (M, 6,000) from Sigma
Aldrich was used as a retention calibrant, and pro-
cainamide-labeled maltopentaose from Supelco Analytical
(Bellefonte, PA, USA) was used as an internal standard. For
200 pg each of dextran and maltopentaose, 60 uL of 0.4
M procainamide was added. HCl (Sigma Aldrich) and 0.8
M sodium cyanoborohydride (Sigma Aldrich) were mixed
in dimethyl sulfoxide (DMSO):acetic acid at a ratio of 7:3
(v/v) and incubated at 65°C overnight. The samples were
dried using a SpeedVac, resuspended in 5% acetic acid (240
pL), and cleaned on a PD MiniTrap G10 desalting column
(Cytiva, Marlborough, MA, USA) according to the manufac-
turer’s protocol. The samples were then dried and resus-
pended in 80% ACN (1 mg/mL).

LC-MS Settings and Instrumentation

Data were acquired using an Agilent 1100 series (Santa
Clara, CA, USA) coupled to a Waters SYNAPT-G2 QTOF
(Milford, MA, USA) system with an electrospray ionization
(ESI) source operated in positive-ion mode. Peptides were
separated using a 2.1-mm x 150-mm HALO Penta-HILIC
column packed with 2.7-um diameter superficially porous
particles with a 90-A pore diameter (Advanced Materials
Technology, Wilmington, DE, USA) at 60°C column temper-
ature. The solvents used for separation were 50 mM ammo-
nium formate in water with 0.1% formic acid (Solvent A)
and 0.1% formic acid in Acetonitrile (Solvent B). A linear
gradient ranging from 80% to 40% Solvent B over 40 min-
utes (1% B per minute) at 0.2 mL/minute flow rate was used
for separation. MS data were acquired in full-scan MS over
a m/z range suitable for peptide detection (300-2000 m/z).
The ESI source was operated at a capillary voltage of 3.0 kV,
a sampling cone voltage of 20 V, an extraction cone volt-
age of 3.0 V, and a source temperature of 120°C. Analysis
of mass spectral data was performed using Waters MassL-
ynx, ProteinLynx Global Server, and Skyline software. Ex-
tracted ion chromatograms (XICs) were generated using a
mass width of 100 ppm. Peptide retention times in min-
utes were converted to glucose units based on dextran sam-
ples that were run immediately before and after the pro-
tein/peptide sample of interest.

Results and Discussion

Resolving Glycated Peptides from
Unmodified Peptides

The study began with in vitro glycation®? of carefully se-
lected standard peptides that possess only a single gly-
cation site, using the low pH conditions described in the
Methods section. Peptides, including human [Glul]-fib-
rinopeptide B (GluFib), leucine enkephalin, bradykinin, and
substance P (Frag 2-11), were chosen. Substance P (Frag
2-11) was used to study lysine glycation as it contains pro-
line at the N-terminus with no primary amine available for
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Figure 2. The XIC for (A) Unmodified Bradykinin
RPPGFSPEFR and (B) Glycated Bradykinin RPPGFSPFR,
Demonstrating a Net Increase in HILIC Retention (+0.68
Minutes) Upon Glycation. The experimental retention time
of the unmodified peptide (9.40 minutes) was observed to
be close to the retention time predicted by Badgett’s model
(9.31 minutes).

glycation at that site. The in vitro glycated samples were
run on a Penta-HILIC column to examine the retention be-
havior of the glycated variants. Badgett’s retention model29
was first used to confirm the peaks corresponding to the
unmodified peptides. In this instance, the experimental re-
tention time of unmodified bradykinin (RPPGFSPFR) was
9.40 minutes (Figure 2), which was close to the retention
time predicted by Badgett’s model (9.31 minutes).

The experimental retention times of all unmodified pep-
tides correlated well with their predicted retention times
and were calculated using retention parameters from Bad-
gett’s model. A single glycated peptide with +162 Da m/z
was observed for each standard peptide. For example, gly-
cated Bradykinin (RPPGFSPFR) was eluted at 10.08 min-
utes, demonstrating a net increase in HILIC retention
(+0.68 minutes) upon glycation. Thus, a characteristic chro-
matographic shift was observed for the glycated variant
in HILIC mode relative to its unmodified counterpart. The
retention shift ranged from +0.21 minutes for leucine
enkephalin to +1.19 minutes for Substance P (Table 1). Gly-
cation introduces a hydrophilic glucose moiety that can in-
crease retention on a HILIC column, but this modification
also neutralizes the positive charge at the primary amine,
thus decreasing hydrophilicity. A combined effect of both
factors resulted in a net increase in retention time upon
glycation.

Proteins containing more than one glycation site were
analyzed next, including bovine insulin and bovine cy-
tochrome C. Glycation sites were identified based on the
peptide sequence, trypsin digestion patterns, mass shifts
corresponding to glucose addition, and chromatographic
behavior under HILIC conditions. Nonenzymatic glycation
targets nucleophilic amino groups, (i.e., the N-terminal o-
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Table 1. Calculation of HILIC retention coefficient for glycation PTM using standard peptides and proteins. The average
glycation coefficient was calculated to be +0.35 Glucose Units (GU) with a standard deviation of 0.12 GU

Protein/ Sequence Retention Shift Upon Retention Shift Upon
Peptide q Glycation (Minutes) Glycation (GU)
TGQAPGFSYTDANKNK +0.22 +0.14
HKTGPNLHGLFGR +0.28 +0.18
EDLIAYLKK +0.31 +0.19
KTGQAPGFSYTDANK +0.59 +0.31
KIFVQK +0.71 +0.40
Cytochrome C MIFAGIKK +0.72 +0.41
(bovine)
GITWGEETLMEYLENPKK +0.78 +0.46
KYIPGTK +0.79 +0.46
YIPGTKMIFAGIK +1.15 +0.53
YIPGTKMIFAGIK +1.04 +0.51
MIFAGIKK +0.45 +0.24
GIVEQCCASVCSLYQLENYCN +0.77 +0.49
Insulin (bovine)
EVNQHLCGSHLVEALYLVCGERGFFYTPKA +0.73 +0.45
GluFib EGVNDNEEGFFSAR +0.46 +0.24
Bradykinin RPPGFSPFR +0.68 +0.35
Leucine YGGFL +0.21 +0.12
enkephalin
Substance P
(Frag 2-11) PKPQQFFGLM +1.19 +0.54
Average coefficient for glycation +0.35GU
Standard deviation of glycation 0.12GU

amino group and the g-amino group of lysine residues).
Glycation at internal lysine residues was inferred based on
the presence of missed tryptic cleavage sites, which is con-
sistent with modification of the lysine side chain. Glycation
at the N-terminus can only occur at the original N-termi-
nus of the peptide/protein as the glycation was carried out
prior to trypsin digestion. Glycation at the N-terminus was
further supported if the peptide lacked an internal lysine
residue. Together, these criteria provide a basis for assign-
ing glycation sites to either N-terminal amino groups or ly-
sine side chains within the identified peptides.

LC-MS analysis after S-S cleavage in insulin revealed an
increase in retention time for N-terminus glycated chain
A (+0.77 minutes) and chain B (+0.73 minutes) peptides
when compared to their unmodified counterparts (Table 1).
In addition, in vitro glycation was performed on bovine cy-
tochrome C, followed by trypsin digestion. Cytochrome C
has 18 lysine residues that could undergo glycation. There
were 11 peptides identified using MS1 spectra glycated at
the lysine residues. Glycation on the lysine side chain gen-
erated a “missed cleavage” peptide with an additional 162
Da m/z. Trypsin has a negatively charged pocket that con-
fers specificity for amino acids with positively charged side
chains (i.e., lysine and arginine). The addition of sugar to
the lysine side chain neutralizes its charge and increases
its size, thereby reducing enzymatic activity at glycation
sites. Therefore, a missed tryptic cleavage peptide, in com-
bination with a +162 Da m/z shift, is used as an indicator
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of glycation. The retention shift for lysine glycation was
calculated relative to the unmodified missed cleavage pep-
tide. The experimental retention times for the unmodified
variants were consistent with those predicted by Badgett’s
model.

Figure 3 demonstrates that the unmodified EDLIAYLKK
peptide in cytochrome C with one missed cleavage eluted
at 15.68 minutes, which was close to the retention time
calculated by Badgett’s model (15.55 minutes). The gly-
cated missed cleavage peptide EDLIAYLKK demonstrated
an overall increase in HILIC retention (+0.31 minutes) upon
glycation. Retention time shifts for glycated peptides
ranged from +0.22 minutes to +1.15 minutes (Table 1). In
all cases, glycation increased retention time, regardless of
whether the modification occurred at the N-terminus or on
a lysine side chain. However, the magnitude of the shift var-
ied with the peptide sequence and the site of modification.

Derivation of HILIC Retention Coefficient

The retention shifts have been expressed in minutes thus
far. To use this prediction model on any LC-MS system, a
retention calibrant consisting of procainamide-labeled dex-
tran was required. Procainamide-labeled dextran samples
were run before and after the glycated protein/peptide sam-
ple; the retention times were averaged and used to con-
vert peptide retention times in minutes to glucose units
(GU) based on a logarithmic fit to the dextran samples.20
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Figure 3. The XIC for (A) Unmodified Missed Cleavage
Peptide EDLIAYLKK and (B) Glycated Missed Cleavage
Peptide EDLIAYLKK in Bovine Cytochrome C,
Demonstrating an Overall Increase in HILIC Retention
(+0.31 Minutes) upon Glycation. The experimental
retention time of the unmodified peptide (15.68 minutes)
was observed to be close to the retention time predicted by
Badgett’s model (15.55 minutes).

The retention time difference (in minutes) between a gly-
cated and nonglycated peptide was therefore converted to
GU and used to calculate the HILIC retention coefficient for
this modification in GU. This strategy enables the model to
be applied to any LC-MS system and any gradient, provided
that the dextran standard is run under the same separation
conditions as the protein sample of interest. The HILIC re-
tention coefficient for glycation PTM from standard pep-
tides and proteins was calculated to be +0.35 GU with a
standard deviation of 0.12 GU (Table 1).

Prediction of Glycation in Unknown Test
Samples

The HILIC retention model for glycation PTM was tested
by predicting and characterizing glycation in more complex
IgG samples. Adalimumab glycation was achieved by in-
cubating the protein at 65°C for one day, followed by re-
duction, alkylation, and overnight trypsin digestion. Glyca-
tion can occur at the N-termini of light and heavy chains
as well as on lysine residues. The predicted retention time
for the glycated peptide was calculated by adding 0.35 GU
(coefficient derived for glycation) to Badgett’s predicted re-
tention time for the unmodified peptide (in GU). For in-
stance, the predicted retention time of the VY-
ACEVTHQGLSSPVTKSFNR missed cleavage peptide,
according to Badgett’s model, was 7.50 GU, which corre-
sponds to 20.08 minutes (Figure 4).

The experimental retention time for this peptide was
20.21 minutes (7.58 GU), which was close to the predicted
value. The retention time of its glycated variant VY-
ACEVTHQGLSSPVTKSFNR was then predicted by adding
0.35 GU to 7.50 GU, which gave 7.85 GU or 20.74 minutes. A
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Figure 4. The XIC for (A) Unmodified Missed Cleavage
Peptide VYACEVTHQGLSSPVTKSFNR and (B) Glycated
Missed Cleavage Peptide VYACEVTHQGLSSPVTKSFNR in
Human IgG1 (Adalimumab). The experimental retention
time for the unmodified peptide (20.21 minutes) was
observed to be close to the retention time predicted by
Badgett’s model (20.08 minutes). The experimental
retention time of the glycated variant (20.62 minutes) was
close to the predicted retention time (20.74 minutes),
calculated from the HILIC retention coefficient for
glycation.

chromatographic peak at 20.62 minutes (7.84 GU) was ob-
served, close to the predicted retention time. It is worth
noting that the peak intensity of the unmodified missed
cleavage peptide was low, which may be due to trypsin
efficiently cleaving at the C-terminus of every lysine and
arginine residue. The unmodified missed cleavage peptides
were not detected in all the cases (Figure 5A), which high-
lights the importance of calculating a predicted retention
time for glycation by adding 0.35 GU to Badgett’s predicted
retention time (in GU), which was developed for unmodified
variants.

The unmodified peptide ALPAPIEKTISK (missed 1), for
example, was not detectable (Figure 5A). Even so, the pre-
dicted retention time of glycated ALPAPIEKTISK (missed
1) could be calculated by adding 0.35 GU to Badgett’s pre-
dicted retention time for the unmodified peptide, (i.e., 5.74
GU, resulting in 6.09 GU or 17.75 minutes in Table 2). A
peak at 18.41 minutes was observed in the XIC correspond-
ing to the m/z of singly charged ALPAPIEKTISK peptide
(Figure 5B). Thus, the experimental retention times for gly-
cated variants were close to the predicted retention times.
The predicted and experimental retention times for all de-
tected unmodified and glycated peptides are presented in
minutes and GU in Table 2. Overall, the average retention
shift in adalimumab tryptic peptides upon glycation was
+0.50 GU, which is reasonably close to the coefficient of
+0.35 GU determined from the analysis of standard peptides
and proteins.
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Figure 5. The XIC for (A) Unmodified Missed Cleavage
Peptide ALPAPIEKTISK and (B) Glycated Missed Cleavage
Peptide ALPAPIEKTISK in Human IgG1 (Adalimumab). The
predicted retention time of the unmodified peptide
calculated using Badgett’s model was 17.15 minutes, but
the unmodified peptide was not present in a detectable
amount. The experimental retention time of the glycated
variant (18.41 minutes) was close to the predicted
retention time of 17.75 minutes, which was calculated
using the HILIC retention coefficient for glycation.

All the glycated peptides were confirmed using the re-
tention model and MS1 spectra. Glycated peptides have low
ion currents, making their analysis by MS/MS challenging
as the chance that the ion corresponding to the glycated
variant would be selected for MS2 was very low.

The second unknown sample used to test the model was
natalizumab, an 1gG4 mAb expressed in Chinese hamster
ovary (CHO) cells. The analysis proceeded similarly: pre-
dicting the retention time of a glycated peptide by adding
0.35 GU to the retention time of the unmodified peptide
and confirming the chromatographic peak in the XIC. Fig-
ure 6 shows an example of glycation on peptide VY-
ACEVTHQGLSSPVTKSFNR (missed 1) in IgG4.

The predicted retention time of the glycated peptide was
8.83 GU (19.99 minutes), and the XIC showed a chromato-
graphic peak at 20.26 minutes, which was close to the pre-
dicted value. The retention shifts upon glycation for all the
peptides observed in IgG4 are shown in Table 3. The aver-
age retention shift due to glycation in IgG4 was +0.53 GU.

The HILIC behavior of glycated peptides was further in-
vestigated by evaluating peptides generated by an enzyme
different from trypsin. Endoproteinase Glu-C digestion was
performed on human IgG1 after in vitro glycation. Since the
Badgett’s model has been described for tryptic peptides, the
predicted retention time for a glycated peptide was calcu-
lated by adding 0.52 GU to the experimental retention time
of its nonglycated variant (in GU) as shown in Figure 7.

The unmodified peptides in this case were present in
detectable amounts since Glu-C cleaves at the C-terminus
of either aspartic or glutamic acid residues with no inter-

ference from glycation at lysine residues. Peptide IKRT-
VAAPSVFIFPPSDE was one of the Glu-C-generated pep-
tides observed in human IgG1 (Figure 7). The unmodified
variant eluted at 14.06 minutes (4.20 GU). The predicted
retention time for the glycated peptide was calculated by
adding 0.52 GU to 4.20 GU, thus yielding 4.72 GU (15.21
minutes). The chromatographic peak for the glycated IKRT-
VAAPSVFIFPPSDE peptide (at 15.30 minutes) was noted to
be very close to the predicted retention time of 15.21 min-
utes (Table 4). This observation indicated that the proposed
model could predict retention times not only for glycated
tryptic peptides but also for glycated Glu-C peptides.

The mAbs used in this study are pure protein samples;
however, we expect that the proposed model would benefit
researchers characterizing complex protein mixtures. Re-
tention time prediction would allow one to narrow the re-
tention time search, thereby enabling faster analyses. Such
a prediction can also provide an additional level of confi-
dence when characterizing glycated peptides.

Conclusions

The glycated peptides were resolved from their unmodified
variants using HILIC chromatography. Glycation introduces
a hydrophilic glucose moiety onto the protein, resulting in
a slight overall increase in HILIC retention. Several stan-
dard peptides and proteins were used to derive a retention
coefficient for glycation, with a dextran ladder as the cal-
ibrant. This coefficient was incorporated into an existing
peptide retention prediction model to predict and identify
glycated peptides in unknown complex mAb samples, such
as adalimumab (human IgGl) and natalizumab (IgG4). In
all cases, the experimental retention time of glycated pep-
tides was consistent with the predicted value. On average,
a glycated peptide eluted 0.52 GU later than its unmodified
variant. We propose that this value, when added to Bad-
gett’s tryptic peptide retention model, can predict the re-
tention time of glycated tryptic peptides. Additionally, the
proposed model accurately predicts the retention time of
glycated peptides generated by Glu-C enzymatic digestion
of human IgG1. It is predicted that this model will aid the
analysis of complex protein mixtures by providing an addi-
tional layer of confidence in peak identifications and reduc-
ing analysis time.
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Table 2. Prediction and characterization of glycation in a human IgG1 sample (Adalimumab). The experimental
retention time of glycated peptides was close to the predicted value. Average retention shift upon glycation was observed
to be +0.50 GU. The experimental retention times of the unmodified peptides (in minutes and in GU) are also listed when

detected
Re;i?fttion Retention
18G1 Peptide Sequence Predicted Predicfed Experimf—zntal Experimental upon Shift uPon
RT (GU) RT (min) RT (min) RT (GU) Glycation Glycation
(min) (Gu)
ALPAPIEKTISK 574 17.15
ALPAPIEKTISK 6.09 17.75 18.41 6.48 +1.26 +0.74
LTVDKSR 5.87 17.37 18.85 6.74
LTVDKSR 6.22 17.97 19.52 7.15 +1.15 +0.27
EVQLVESGGGLVQPGR 5.09 15.95 16.68 5.48
EVQLVESGGGLVQPGR 5.44 16.61 17.47 5.93 +1.52 +0.64
VVSVLTVLHQDWLNGKEYK 591 17.44
VVSVLTVLHQDWLNGKEYK 6.26 18.04 17.64 6.02 +0.20 +0.11
VSNKALPAPIEK 6.31 18.13
VSNKALPAPIEK 6.66 18.71 20.31 7.64 +1.18 +0.83
DELTKNQVSLTCLVK 6.94 19.17
DELTKNQVSLTCLVK 7.29 19.74 19.67 7.24 +0.50 +0.30
APKLLIYAASTLQSGVPSR 4.78 15.33 16.63 5.45
APKILLIYAASTLQSGVPSR 5.13 16.02 16.42 5.38 +1.09 +0.60
APYTFGQGTKVEIK 6.35 18.20 18.51 6.54
APYTFGQGTKVEIK 6.70 18.77 18.92 6.79 +0.72 +0.43
VYACEVTHQGLSSPVTKSFNR 7.50 20.08 20.21 7.58
VYACEVTHQGLSSPVTKSFNR 7.85 20.74 20.62 7.84 +0.54 +0.34
DIQMTQSPSSLSASVGDR 6.83 18.99
DIQMTQSPSSLSASVGDR 7.18 19.57 20.22 7.58 +1.23 +0.75
ADYEKHK 8.59 21.73
ADYEKHK 8.94 22.16 2244 9.12 +0.71 +0.53

Relative abpndance (%)

Submitted: November 18, 2025 EDT. Accepted: January 14,

Predicted RT for glycated variant = 8.48 GU + 0.35 GU = 8.83 GU (19.99 min)

2026 EDT. Published: March 20, 2026 EDT.

20.26 min ¢ yyACEVTHQGLSSPVTKSFNR (missed 1)

(8.58 GU)
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Figure 6. The XIC for Glycated Missed Cleavage Peptide
VYACEVTHQGLSSPVTKSFNR in IgG4 (Natalizumab). The
experimental retention time of the glycated variant (20.26
minutes) was close to the predicted retention time of 19.99
minutes, which was calculated using the HILIC retention
coefficient for glycation.

Journal of Biomolecular Techniques

33



Prediction and Characterization of Glycated Peptides and Proteins using Hydrophilic Interaction Liquid Chromatography coupled with Mass Spectrometry (HILIC-...

Table 3. Prediction and characterization of glycation in the IgG4 sample (natalizumab). The experimental retention time of glycated peptides was close to the predicted value.
Average retention shift upon glycation was observed to be +0.53 GU. The experimental retention times of the unmodified peptides (in minutes and in GU) are also listed for when they

were detected

18G4 Peptide Sequence Predicted RT PredicFed RT Experimfental RT Experimental RT Retenéil?/:;?;f: upon Retention. Shift upon
(GU) (min) (min) (GU) (min) Glycation (GU)
VSCKASGFNIK 5.86 17.40 16.19 5.16
VSCKASGFNIK 6.21 17.93 17.67 6.03 +0.27 +0.17
ASGFNIKDTYIHWVR 5.47 16.75 17.89 6.18
ASGFNIKDTYIHWVR 5.82 17.33 17.99 6.25 +1.24 +0.78
VSNKGLPSSIEK 6.75 18.67 19.74 7.82
VSNKGLPSSIEK 7.10 19.08 20.01 8.40 +1.34 +0.86
GLPSSIEKTISK 6.15 17.85 18.46 6.59
GLPSSIEKTISK 6.50 18.34 19.07 7.09 +1.22 +0.94
EPQVYTLPPSQEEMTKNQVSLTCLVK 8.99 19.92
EPQVYTLPPSQEEMTKNQVSLTCLVK 9.34 19.62 20.32 9.59 +0.40 +0.60
LTVDKSR 5.79 17.29
LTVDKSR 6.14 17.83 18.16 6.37 +0.87 +0.58
DIQMTQSPSSLSASVGDR 6.83 18.77
DIQMTQSPSSLSASVGDR 7.18 19.17 19.59 7.34 +0.82 +0.51
TSQDINKYMAWYQQTPGK 7.92 19.81
TSQDINKYMAWYQQTPGK 8.27 19.96 20.16 8.30 +0.35 +0.38
YMAWYQQTPGKAPR 5.69 17.13 17.22 5.75
YMAWYQQTPGKAPR 6.04 17.68 17.79 6.11 +0.66 +0.42
TVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPR 4.92 14.78 15.46 4.78
TVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPR 5.27 16.44 15.57 4.84 +0.79 +0.16
EAKVQWK 5.92 17.50
EAKVQWK 6.27 18.02 18.70 6.77 +1.20 +0.85
VYACEVTHQGLSSPVTKSFNR 8.48 20.02
VYACEVTHQGLSSPVTKSFNR 8.83 19.99 20.26 8.58 +0.24 +0.10

Journal of Biomolecular Techniques

34



Prediction and Characterization of Glycated Peptides and Proteins using Hydrophilic Interaction Liquid Ch...

@
@ 14.06 min | «+—— IKRTVAAPSVFIFPPSDE
0 (4.20 GU) m/z = 987.54 (2+)
E
g
B
e
kS
o)
-4
A A
7.50 10.00 12,50 1500 17.50 20.00 22.50 25.00 27.50 30.00 32.50 35.00 37.50 40.00 42.50
Time (min)
®)

Predicted RT for glycated variant = 4.20 GU + 0.52 GU =4.72 GU (15.21 min)

15.30 min
(4.76 GU) [+ IKRTVAAPSVFIFPPSDE

m/z = 1068.56 (2+)

wh .Jm. il seniond

750 1000 1250 15.00 17.50 20.00 2250 25.00 27.50 30.00 32.50 3500 37.50 40.00 42.50
Time (min)

Relative abundance (%) .

Figure 7. The XIC for (A) Unmodified Glu-C Peptide
IKRTVAAPSVFIFPPSDE and (B) Glycated Peptide
IKRTVAAPSVFIFPPSDE in Human IgG1 (Adalimumab). The
experimental retention time of the glycated variant (15.30
minutes) was close to the predicted retention time of 15.21
minutes, calculated using the HILIC retention coefficient
for glycation.

Table 4. Glycation characterization performed on Glu-C generated peptides in human IgG1 (adalimumab). The
experimental retention time of glycated peptides was observed to be close to the predicted retention time

1gG1 Glu-C Peptide Predicted RT Predicted RT Experimental RT Experimental RT
Sequence (GU) (min) (min) (GU)
IKRTVAAPSVFIFPPSDE 14.06 4.20
IKRTVAAPSVFIFPPSDE 4.72 15.21 15.30 476
VKFNWYVDGVE 12.14 3.43
VKFNWYVDGVE 3.95 13.48 13.74 4.06
KSRWQQGNVFSCSVMHE 21.79 8.64
KSRWQQGNVFSCSVMHE 9.16 22.38 2252 9.32
ALHNHYTQKSLSLSPG 19.89 7.38
ALHNHYTQKSLSLSPG 7.90 20.72 20.97 7.89
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